(Yokogawa, Japan). The working electrode was carbon fiber threads (Nihon Carbon GF-20-P7 carbon cloth) packed in a Vycor glass cylinder (4 mm inner diameter and 10 mm length). The reference electrode was an Ag/AgCl electrode. The counter electrode was a platinum wire. The carrier solution was methanol: 0.1 M phosphate buffer (pH 7.5) (1 : 1, v/v). The peak current on a current-time curve obtained by column electrolysis was measured and plotted against the applied potential to obtain the hydrodynamic voltammogram, from which the half-wave potential was measured.
At the same time, cyclic voltammetry was used to observe roughly the redox behavior of the catechins. Cyclic voltammograms of the catechins were recorded with an HAB-151 potentiostat (Hokuto Denko Ltd., Tokyo, Japan) provided with a 3036 X-Y Recorder (Yokogawa, Tokyo, Japan), in methanol: 0.1 M phosphate buffer (pH 7.5), (1 : 1, v/v). A plastic formed carbon disk electrode served as a working electrode, an Ag/AgCl electrode was used as the reference electrode, and a platinum electrode was used as a counter electrode. To prevent possible air oxidation of the flavonoids in the experimental pH range, oxygen-free nitrogen was used to thoroughly purge the solution being analyzed before the measurement and to pass above the solution during the recording of the voltammograms. Before each measurement, the working electrode was polished thoroughly with a polishing cloth and sonicated in water.
Microsomal Preparations Wistar rats (?, ca. 300 g, 13 weeks) were decapitated. Livers were excised immediately after being washed with 1.15% KCl via the portal vein, and stored at Ϫ80°C for later use. The livers were thawed in ice-cold water and homogenized in ice-cold phosphate buffer [1.15% KCl, 10 mM KH 2 PO 4 -K 2 HPO 4 buffer, pH 7.4, 1 mM ethylenediaminetetraacetic acid disodium salt (EDTA), 0.5 mM dithiothreitol (DTT), 3 ml/g tissue]. The homogenate was centrifuged at 10000ϫg (20 min at 4°C). Subsequently, the supernatant was centrifuged twice at 105000ϫg (60 and 20 min). The microsomal pellet was resuspended in phosphate buffer (50 mM KH 2 PO 4 -K 2 HPO 4 buffer, pH 7.4, 0.1 mM EDTA), and stored at Ϫ80°C. The protein concentration was determined by the Bradford method using the Bio-Rad protein assay (Bio-Rad Laboratories, U.S.A.).
LPO Assay LPO was monitored by detecting the formation of malondialdehyde (MDA), using the thiobarbituric acid (TBA) assay. 14) Briefly, 20 ml of liver microsomes (26.8 mg of protein/ml) in 0.05 M Tris-HCl solution (pH 7.4) were incubated at 37°C for 30 min in a water bath with 30 ml of 9.2 mM NADPH, 20 ml of a solution containing 94.7 mM ADP and 1.6 mM FeCl 3 (ADP-Fe 3ϩ ), and 10 ml of catechins at different concentrations in 50% methanol aqueous solution, through which oxygen-free nitrogen was passed for 20 min. The total volume of the incubation mixture was 1 ml. All substances were added on ice. Incubations were quenched by the addition of 50 ml of an aqueous solution of trichloroacetic acid (TCA) (100 w/v%). Upon cooling on ice and subsequent centrifugation (10000 rpm, 10 min), the supernatant solution was mixed with TBA solution. The reaction mixture was heated in a water bath at 80°C for 60 min. After cooling, the absorbance at 532 nm was read by a Jasco V-550 UV/Vis spectrophotometer (Jasco, Tokyo, Japan). The AA value was calculated as percent inhibition relative to control using the following equation: (1) where A c(30) and A c(0) is the absorbance of the control at tϭ30 min and tϭ0 min, respectively; and A s(30) and A s(0) is the absorbance of the sample at tϭ30 min and tϭ0 min, respectively. The A values used were the average data of three measurements. The IC 50 values were determined by interpolating the 50% inhibition point on a straight line fitted through concentrations that resulted in 10 to 90% inhibition.
The octanol/water partition coefficients of the catechins were calculated using a computerized version called PrologP 5.1 (CompuDrug Chemistry Ltd.). The multiparameter regression analysis was performed using NLRAna software (version 4.1f).
Results and Discussion
Electrochemical Oxidation The cyclic voltammograms and the hydrodynamic voltammograms of the catechins representing the different types of electrode processes are shown in Figs. 2 and 3, respectively. Although the oxidation peaks (I a -III a ) in the cyclic voltammograms corresponded to the oxidation waves (I a -III a ) in the hydrodynamic voltammo-grams, the peak separation was not clear and it was difficult to determine the E 1/2 value of each peak. On the other hand, in the hydrodynamic voltammograms, the oxidation wave was evident. Accordingly, the oxidation waves for different types of catechins could be classified as waves I a -III a . I a (E p was ca. 0.000 V) may correspond to the oxidation of the 3Ј,4Ј,5Ј-trihydroxyl substituent on the B ring. This oxidation was not observed for catechins without an ortho-trihydroxyl substituent on the B ring. II a (E p was ca. 0.200 V) was re-
Vol. 49, No. 6 versible or quasi-reversible due to the oxidation of the 3Ј,4Јdihydroxyl substituent on the B ring, or/and the oxidation of the galloyl moiety at the C-3 position. The final oxidation may correspond to the oxidation of the 5,7-dihydroxyl substituent on the A ring. 15) The half-wave potential of the first oxidation potential (I a or II a depending on the substrate) of the catechins obtained from the hydrodynamic voltammograms is shown in Table 1 .
The number of electrons (n) transferred in the oxidation was calculated from the electrolytic charge Q, determined from the peak area under the current-time wave, at a potential of ca. 0.1 V more positive than E 1/2 , and the Faraday equation written as:
where n is the number of electrons, c is the concentration (mol/l) of catechins, v is the solution volume (l), and F is the Faraday constant (96500 coulomb/eq). The results are summarized in Table 1 .
AA The catechins showed obvious AA on NADPH-dependent lipid peroxidation in rat liver microsomes (Table 1) . Good linear relationships between concentration and activity were found for 0-75 mM (ϩ/Ϫ)-C and (ϩ/Ϫ)-EC; for 0-50 mM (Ϫ)-GC; for 0-30 mM (Ϫ)-GCg, (Ϫ)-EGC and (Ϫ)-Cg; and for 0-15 mM (Ϫ)-EGCg. In the case of (Ϫ)-ECg, when the concentration was 15 mM, its inhibitory effect reached 98.7% inhibition. In Table 1 , IC 50 values were determined by interpolating the 50% inhibition point on a straight line fitted through concentrations which result in 10 to 90% inhibition. The IC 50 values of the catechins were shown to be in the range of 10-51 mM. Their order of effectiveness was (Ϫ)-ECgϾ(Ϫ)-EGCgϾ(Ϫ)-GCgϭ(Ϫ)-CgϾ(Ϫ)-EGCϾ(ϩ)-ECϾ(Ϫ)-GCϾ(Ϫ)-ECϾ(Ϫ)-CϾ(ϩ)-C. It was shown clearly that the inhibitory activities of galloylated catechins were stronger than those of nongalloylated catechins. A similar tendency in the scavenging effects of catechins on DPPH radical was previously observed. [6] [7] [8] [9] The AAs of catechins on an LPO system are of interest because of the chiral structure of catechins. It is known that drug enantiomers can have qualitatively or even quantitatively different physiological actions. 16) In our experiments, there were various differences between the AAs of catechins 10) This discrepancy can be explained in that the experimental system they used is not a biological system, in which the effect of steric hindrance may not strongly affect the experimental data. Further investigation is needed to elucidate the effect of steric structures of catechins on AA in an LPO system.
Correlation between Half-Wave Potential and AA Although various biological or nonbiological assays have been used to evaluate the AA of catechins, the results were not always consistent, perhaps because using different systems means dealing with different oxidation mechanisms and corresponding antioxidant mechanisms. In the present work, we evaluated catechin AA on NADPH-dependent LPO in rat liver microsomes. When investigating the flavonoid effects on metal-induced lipid hydroperoxide-dependent LPO, Sugihara et al. mentioned that the ability of flavonoids to terminate the chain reaction of LPO by the lipid radical scavenging activity may overweigh the ability of flavonoid-metal complexes to decompose LOOH, particularly for catecholcontaining flavonoids. 17) After analyzing the differences between IC 50 data obtained from an iron-dependent LPO assay and an iron-independent LPO assay, van Acker et al. came to the conclusion that for most flavonoids, iron chelation did not play a role in the AA in microsomal LPO. 18) In contrast, the effect of catechins in scavenging chain-propagating peroxyl radicals was demonstrated. 2, 4) To investigate the chelate formation of catechins with the ADP-Fe 3ϩ complex, the UV/Vis absorption spectrum of catechins with ADP-Fe 3ϩ was compared with that of catechin and ADP-Fe 3ϩ , respectively. The characteristic absorbance peaks of (Ϫ)-EGCg in Tris-HCl solution were at 275 nm (a main absorption peak) and 375 nm (a shoulder for the main absorption peak). The addition of (Ϫ)-EGCg to the ADP-Fe 3ϩ complex (the same concentration as used in the LPO assay) resulted in a small absorption wave around 500 nm and a very small increase in absorbance at 375 nm, which was probably due to the formation of (Ϫ)-EGCg-ADP-Fe 3ϩ complexes. A similar phenomenon was observed in the case of (ϩ)-C, i.e., a rather small absorption peak appeared around 500 nm after the addition of (ϩ)-C to the ADP-Fe 3ϩ complex. These small spectral changes indicated that the equilibrium constant for the chelating reaction between catechins and ADP-Fe 3ϩ might be small. Accordingly, we presumed that catechins acted mainly as chain-breaking antioxidants by scavenging chain-propagating peroxyl radicals. Because the reduction potential of catechin radical was lower than that of peroxyl radicals as mentioned earlier. One may suppose that the AA of catechins may increase with easier oxidation, i.e., the more negative the potential, the higher the AA. The results showed that catechins exhibited strong AAs in this system. However, the correlation between IC 50 and E 1/2 of the catechins was extremely poor, with rϭ0.554, which meant other factors operated in this system. Because chain-propagating lipid peroxyl radicals were located within the membrane, evidently, catechins had to interact with the membrane before exerting their effects. Consequently, the localization of catechins should be taken into account in understanding the effectiveness of their AAs. We thus calculated the values of log P for each catechin investigated using version 5.1 of CompuDrug's log P prediction program. Prolog P estimates the log P values of organic compounds in an octanol/water system based on their chemical structures. The predicted results are the combined data based on three different estimation methods: Rekker's fragmental method and the atomic approaches of Broto et al. and Ghose et al. This method is commonly used as an accurate method for predicting log P values. 19) Subsequently, we observed a good description of the AAs of the catechins shown by the following multiparameter equation (Fig. 4) :
This means that a fundamental requisite for the expression of AA by catechins appears to be, together with their redox properties, the ability to interact with biomembranes. This finding is consistent with what other workers have reported, in which they observed that the interaction of flavonoids with a model membrane, including their incorporation rate into cells and their orientation in a biomembrane, affected their AA or other pharmacological effects. [20] [21] [22] [23] [24] AA of Tea Extract The study of catechins is particularly important for the understanding of the antioxidant property of tea. In this paper, the AA of tea extract (mainly containing polyphenols) was tested. Table 2 shows the relationship between the content of each catechin contained and its corre-sponding activity. In Table 2 , the concentrations of catechins in tea extract were used to calculate their predicted AAs, according to their measured dose-activity relationships, the total amount of predicted data (117.9% inhibition) was reasonably consistent with the measured data (99.8%) of tea polyphenon. This means that each catechin contained in the tea extract contributed to the total AA of the extract.
In conclusion, catechins showed obvious AAs on NADPHdependent microsomal LPO. The antioxidant effects of galloylated catechins were higher than those of nongalloylated catechins. The oxidation potential and lipophilicity of the catechins play important roles in their AAs. Vol. 49, No. 6 a) The catechin composition of the tea extract as percentage weight. b) The calculated contribution (except for EGCg, the measured data) of each catechin to the AA of tea extract.
